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Abstract. Embryonic levels of retinoic acid (RA) and

the response of cells to RA are critical to the normal

development of vertebrates. To understand the effects of

RA signaling in Fundulus heteroclitus, we exposed em-

bryos to a range of RA concentrations for 2 h during

gastrulation. Embryos exposed to low concentrations of

RA (10"'°- 10"' M) develop normally, whereas those ex-

posed to higher concentrations (5 X 10 '-10"^A/) de-

velop characteristic dose-dependent defects. Wedescribe,

in detail, four stages of development that represent mor-

phological effects of RA on (1) cell death and defects in

the brain, heart, and eye, (2) relative size and differentia-

tion, (3) duphcations of pectoral fins, and (4) deletions in

craniofacial cartilage elements. Analysis of cartilaginous

skeletal elements demonstrates distinct patterns of dele-

tions in the neurocranium and pharyngeal skeleton in re-

sponse to increasing concentrations of RA. In F. hetero-

clitus, RA treatment during gastrulation results in five

highly consistent phenotypes, which we have incorpo-

rated into an index of embryonic RA defects. This index

should be valuable in the genetic analysis of RApathways

and in evaluating chemicals that interfere with embryonic

RA signaling.

Introduction

Retinoic acid (RA), a derivative of vitamin A, is re-

ported to be an important signaling molecule that plays
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a crucial role in establishing anterior-posterior patterning

in vertebrate embryos (for review see Means and Gudas,

1995). Endogenous RA has been detected in many verte-

brate organisms (Durston et ai, 1989; Chen et al., 1992:

Hogan et ai, 1992) including Xenopus laevis. in which

developing embryos exhibit a gradient of RA (Chen et

ai, 1994). RA binds to receptors that are members of a

large superfamily of steroid and thyroid hormone binding

receptors (Lohnes et ai, 1995). RA and the receptors then

recognize DNA response elements that influence gene

expression by promoting or inhibiting transcription (Mar-

shall et ai, 1994; Zilliacus et al., 1995). Developmental

target genes include Hox genes (Langston and Gudas,

1992; Studer et al.. 1994; Lohnes et al., 1995), which

impart important anterior-posterior positional information

along the axis of the developing embryo (Kessel and

Gruss, 1991; Kessel, 1992; and Krumlauf, 1994).

The distribution of RA in the embryo is heterogeneous

and the concentration is both limiting and critical because

patterning defects can be induced by both RA excess

(Holder and Hill, 1991) and RA deficiency (Schuh et al.,

1993). Embryos respond to RA in a dose-dependent and

stage-specific manner (Durston et ai, 1989; Sive et al.,

1990; Holder and Hill, 1991; Wood et al., 1994). The

sensitivity of vertebrate embryos to RA is well docu-

mented in mouse (Wood et al., 1994; Leonard et al..

1995), Xenopus (Durston et ai, 1989; Minucci et al..

1996; Sive et ai. 1990), chicken (Gale et ai. 1996), and

zebrafish (Holder and Hill, 1991; Stainier and Fishman,

1992; Hill et al., 1995). Exposure of zebrafish embryos

to RA during gastrulation results in deletions of the mid-

brain-hindbrain border regions; defects in the eye, retina.

281



282 M. W. VANDERSEAET AL.

and heart; deformities of the tail; and abnormaHties in the

cartilaginous skeletal elements of the head (Holder and

Hill, 1991; Stainier and Fishman. 1992; Alexandre et ai.

1996). Administered later in development, exogenous RA
can disrupt the patterning of the fin (Akimenko and Ekker,

1995). In chicken and quail embryos, application of RA
to the anterior of a limb bud often results in a mirror-

image duplication of digits (Tickle, 1995; Tabin. 1995).

This suggests that a delicate balance of RA is critical to

the proper patterning of embryonic structures and that

disruption of this signaling pathway results in a variety

of skeletal and anatomical malformations.

In vertebrates, much of the head skeleton is derived

from neural crest precursors that migrate into the pharyn-

geal arches from the midbrain and specific rhombomeres

of the hindbrain (Langille and Hall, 1988, 1993). Specific

populations of neural crest cells that contribute to the

skeletal elements in the head have been identified in map-

ping studies (Couly et ai. 1993; Schilling and Kimmel,

1994). Among different vertebrates, the similarities of

neural crest contributions to skeletal elements suggests

that the patterning mechanisms that direct these cells are

also well conserved (Koentges and Lumsden. 1996; Schil-

ling and Kimmel. 1994; Noden, 1975). The molecular

mechanism by which the craniofacial skeleton is patterned

is not fully understood. However, interactions between

rhombomeric segments of the hindbrain. neural crest

cells, and branchial arches are thought to be influenced

by overlapping expression domains of Hox genes; more-

over, the anterior-posterior patterning of the head is regu-

lated by a Hox code in the branchial region (Hunt et ai.

1991) that may be influenced by endogenous RA.

In this study we exposed F. heteroclitus embryos to a

range of RA concentrations during gastrulation, and we

describe defects in the treated embryos as they appear at

four distinct developmental stages. In other species, a

large variation of phenotypes is produced in response to

a single RA concentration (Holder and Hill. 1991; Mar-

shall et al. 1992). but the protracted development of F.

heteroclitus has allowed for the selection of highly syn-

chronous embryos that respond more uniformly. Weshow

that disruption of endogenous levels of RAduring gastru-

lation results in deletions of the midbrain-hindbrain bor-

der region and. at higher concentrations, to deletion of

the eyes, shortening of the trunk, and duplications of the

pectoral fins. Analysis of cartilage in these embryos sug-

gests that RA differentially affects the patterning of sub-

populations of neural crest cells and the formation of

specific cartilage elements, resulting in very different pat-

terns of deletions in the neurocranium and the pharyngeal

skeleton.

Bent body axes, fin defects, heart defects, eye malfor-

mations, and craniofacial defects are common in fish em-

bryos that have been exposed to heavy metals and other

xenobiotics during gastrulation (Weis and Weis, 1977;

Sharp and Neff. 1980, 1985; Weis and Weis, 1989). These

defects are similar to those induced by RA excess or

deficiency, suggesting that xenobiotics may interfere with

embryonic RA signaling pathways. Therefore, one objec-

tive of this study was to utilize F. heteroclitus —an estua-

rine species widely used in toxicity studies —as a model

with which to establish an index of defects that occur in

response to disruption of RA signaling. The index we

describe should therefore help identify and evaluate the

sensitivity of embryos to the effects of xenobiotics on

RA-regulated pathways.

Materials and Methods

In vitro fertilization ofF. heteroclitus

Adult fish were captured from a Spartina marsh adja-

cent to the Grice Marine Biological Laboratory, Charles-

ton, South Carolina. Fish were anesthetized with 1.5 X
10 * A/ 3-aminobenzoic acid ethyl ester (MS-222) in fil-

tered seawater. Eggs were collected from gravid females,

in a dry dish, and then fertilized with 15 ytX of sperm

activated in 20 ml of filtered seawater. Eggs were then

rinsed (15 min post-fertilization) and incubated in a moist

chamber at 25°C. Only embryos that showed normal cell

cleavage were used experimentally. At 10 days post-fer-

tilization, the eggs were immersed in filtered seawater,

which initiated hatching.

Staging series of F. heteroclitus

Embryos from //; vitro fertilizations (about 100-300

eggs/fertilization) were raised at 25°C, a temperature rele-

vant to the warm coastal waters of South Carolina. Their

development was recorded and characterized from before

fertilization until 2 days after hatching (12 days post-fer-

tilization). Observations of anatomical features at differ-

ent stages were compared with descriptions produced by

Armstrong and Child (1965), Oppenheimer (1937), and

Solberg (1938), and a staging series at 25°C was con-

structed.

Retinoic acid treatment

Stock solutions of 2 X 10 " Mwere made in dimethyl

sulfoxide (DMSO) from all-rra/!i-retinoic acid (Sigma

Chemical Co.) and stored at -20°C. Experimental con-

centrations were prepared by serial dilution with filtered

seawater (FSW). Embryos at 50% epiboly (from in vitro

fertilizations; stage 17, 21.5 h post-fertilization (hpf) at

25°C) were exposed to concentrations of RA ranging from

10 '"M to 10 *M for 2h in the dark. DMSOcontrol

embryos were exposed to 0.1% DMSOin FSW, and un-

treated control embryos were incubated in FSW. All em-

bryos were then rinsed for 10 min several times with large
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Table I

Comparison of emhiyonic development at 20°C' and 25°C
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Figure 1. At stage 25, embryos exposed to retinoic acid (RA) during gastrulation show defects in the

developinent of head structures. Control embryos (A) and embryos treated with low concentrations of

RA—10 '"yW (B), 10"' M (C). 10** M (D), and 10 "A/ (E)— form an expanded telencephalic ventricle

(tv. A and E) in the forebrain. optic tecta (ot) in the midbrain, and a well-developed hindbrain (hb). Embryos

treated at gastrulation with 10"" MRA (F) show defects in the eyes (arrows), telencephalon (t). and midbrain

(asterisk). At 10 'M (G). the telencephalon (t) and the eyes (arrows) are obscure. Note that the position

of the hindbrain (hb, E. F, and G) assumes a progressively more anterior position. Cell death is indicated

by black arrowheads (F, G, and H). Anterior is to the top. Scale bar = 200 /jm.

head. Fig. IF). Although not .shown in Figure IF. heart

defects range from complete deletion of the heart to the

development of a small, thin, tube heart. In those treated

embryos that have a heart, circulation is not observed,

even though cardiac contractions occur. Pericardial edema
extends anteriorly over a large portion of the yolk, and

blood cells pool in islands at the tip of the tail. The

overall embryonic axis is slightly truncated, but muscular

movements occur, and tails are often curled at the tips

and are partially detached from the yolk.

1 X 10 - MRA. Embryos exposed to 10"' MRA show

additional anterior head defects (Fig. IG). Portions of the

forebrain region and telencephalon (t) are present, but no

telencephalic ventricle forms. The optic cups are ambigu-

ous (arrows), and the midbrain-hindbrain border region

is absent. The hindbrain (hb) lies immediately posterior

to the forebrain region, and cell death is evident in the

hindbrain region and along a posterior region of the trunk

(black aiTowhead). Large pericardial edemas occur; the

heart is deleted; and blood cells pool at the tip of the tail,

which is still attached to the yolk (not shown). Although

the embryo is truncated, muscular contractions occur.

/ X 70"' MRA. Embryos exposed to lO""* MRA show

few forebrain and eye structures (asterisk. Fig. IH). The

embryonic axis is twisted and exhibits extensive degener-

ating white-opaque cells (black arrowheads). Muscular

contractions of the trunk do not occur in the embryos at

this stage. The heart is absent, but there is a large pericar-

dial cavity, and blood cells are pooled posteriorly at the

base of the tail.

Stage 29: Effects on relative .s/'cf and differentiation

1 X 70"* M RA. At stage 29 (Fig. 2) the embryonic

head in control embryos has grown considerably; mea-

surements of the area of the head indicate an enlarcement
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Figure 2. Dorsal views of stage 29 embryos show the et't'ects ot retinoic acid (RA) on relative s\/x

and head development. In control embryos (A) and embryos exposed to low concentrations of RA

—

10 '"/W (B), 10"^ M (C). WM (D). and 10"' M(E), the eyes are lightly pigmented (arrows. A and E)

and the telencephalic ventricle (tv. A and E) and optic tecta {ot. E) anterior to the hindbrain (hb, A and E)

has expanded. Embryos exposed to 10"'' MRA lack retinal pigment in the eyes (arrows, F). show abnormali-

ties of the brain (asterisk. F) anterior to the hindbrain (hb. F), pectoral fin development (arrowhead. F),

and an expansion of the visceral cavity (bracket, F). At 10^ AY RA embryos show abnormal pectoral fin

development (arrows, G), and have severe malfomiations in the forebrain (fb. G). and an expanded visceral

cavity (bracket, G). At 10"' MRA exposure, embryos consist only of a thin trunk (tr, H). Antenor is to

the top. Scale bar = 200 fj.m.

greater than 3.5-fold between .stages 25 and 29. The telen-

cephalic ventricle (Fig. 2 A. tv) of the forebrain ha.s wid-

ened, the eyes are pigmented (arrows), and the optic tecta

(ot) have enlarged posterior to the eyes. Embryos exposed

to low concentrations (
10"^- 10 "'A/) of RA (Fig. 2B-E)

are morphologically normal. In contrast, embryos treated

with 10" Af RA have optic cups that are malformed and

rotated anteriorly (arrows, Fig. 2F). The head has enlarged

only 2.5-fold over stage 25 embryos. The optic tecta are

greatly reduced (asterisk), and the hindbrain (hb) region

is shifted anteriorly. The visceral cavity is expanding and

appears to be proportionately larger than in control em-

bryos (bracket. Fig. 2F). Other defects also occur in ein-

bryos (not shown). The otocysts contain smaller otoliths,

and they are irregular in shape; the heart tube is attached

by a thin strand of cells to the pericardial wall: and blood

cells pool on the ventral side of the embryo at the level

of the hindbrain and along the length of the tail. The

pectoral fins of control embryos develop just posterior to

the vitelline veins, whereas the pectoral fins in RA-treated

embryos are posterior and lateral to the otocysts and are

slightly smaller (arrowhead. Fig. 2F). In all embryos, fre-

quent muscle movements occur, and the small, bilobed

urinary bladder is developing at the base of the trunk

where it is attached to the yolk sac.

/ X 70 ' MRA. Embryos exposed to 10 - MRA (Fig.

2G) lack well-defined eyes and are missing large portions

of the midbrain. From stage 25 to stage 29, the area of

the head increases only 1.3-fold, reinaining similar to that

of a stage 25 embryo (compare Figs. 2G and IG). The

visceral cavity is abnormally large relative to the size of

the head and trunk, and it covers much of the yolk

(bracket). The gut, however, appears normal. A small

portion of the forebrain may be present (fb), and some

embryos may develop lenses and retinal pigment (not

shown). Lenses, in some cases, lie freely exposed on the

anterior of the head (not shown). The hindbrain (hb) de-

velops just posterior to any retinal tissue, but the otocysts

have been deleted. The pectoral fins develop in an extreme

anterior position, such that they are almost lateral to any

retinal tissue. Furthermore, the fin structure is abnormal,

appearing as thin columns of tissue that extend laterally

from the trunk (arrowheads. Fig. 2G). The length of the

embryonic axis has increased and. in some embryos, the

tip of the tail has detached from the yolk where the small,

bilobed urinary bladder is developing (not shown). Blood
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Figure 3. At stage 37. dorsal views of control larvae (A) and larvae exposed at gastrulation to low

conceiitrationsof retinoic acid (RA)— 10""'A/(B). XO'" M(C). 10"* M(D). and 10 ' M(E) —show well-

developed eyes (arrows. A and E) and pectoral fins (arrowheads, A and E). Larvae exposed at gastrulation to

lO^^MRA (F) show anterior and ventral rotation of the eyes (arrows), normal Hn development (arrowheads),

pencardial edema (pe). and shortened trunks and curled tails (asterisk. F). At \0^' MRA. larvae display

multiple pectoral hns (arrowheads. G). a heavily pigmented trunk (tr). and curled tail (asterisk. G). A lateral

view of a larva treated at lO""* MRA (H) shows a shortened trunk (tr) atop the yolk. Anterior is to the top

(A-G) and to the left (H). Scale bar = 200 /jm.

cells are pooled around the urinary bladder, and muscular

contractions occur in the trunk, but not as frequently as

in the control embryos.

1 X lO"" MRA. Embryos exposed to 10"^ MRA (Fig.

2H) lack obvious head structures and appear only as a

thin trunk (tr) set on an expanded visceral cavity and gut.

Pectoral Hns are absent. The urinary bladder is surrounded

by blood cells at the base of the trunk where the bladder

meets the yolk sac (not shown). Muscular movements

occur in some embryos, and a small, stubby tail projects

from the trunk (not shown).

Stage 37: Multiple fin phenotypes

1 X 10^'' MRA. At stage 37, controls and larvae that

have been exposed as gastrulae to 10 '" to 10^^ MRA
are normal in appearance (Fig. 3A-E) and can be induced

to hatch at 10 days post-fertilization. Embryos exposed

to greater concentrations of RA do not hatch but survive

for an extended period. These larvae are smaller and retain

a large volume of yolk (compare Fig. 3A-E with 3F-

H). Embryos exposed to 10 ''M RA develop into larvae

with smaller than normal eyes that display more ventral

and anterior rotation than the controls (an'ows. Fig. 3F).

The pectoral Hns. however, approximate normal size (ar-

rowheads, compare Fig. 3A and F) and exhibit a high

rate of motor activity. Control larvae and larvae of em-

bryos treated with low concentrations of RA (10
'"-

10"' M) possess a functional mouth (m. Fig. 3A and E)

and jaw, and exhibit rapid opercular movements. The

mouths of larvae treated with 10"" MRA as embryos are

small and are tucked underneath the forebrain and against

the yolk or a large pericardial edema; it is unclear whether
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the mouths are functional. The tails are short and curled,

and do not exhibit fin development (asterisk. Fig. 3F).

Not shown in Figure 3F, the otocysts are irregular in size

and shape and are just posterior to the eyes. This is proba-

bly due to the midbrain-hindbrain deletion, which causes

an anterior shift of the otocysts. The visceral cavity has

expanded laterally, and internal organs have developed.

The heart, usually located ventrally at the level of the

operculum, is contractile but smaller and lies anterior

to the gut in a large, balloon-like pericardial edema

(pe. Fig. 3F).

1 X 10'^ M. Exposure to 10 "^ MRA at gastrulation

results in larvae that lack most of the forebrain, midbrain,

and hindbrain (Fig. 3G). The most prominent feature of

these larvae is the development of multiple pectoral fins

(arrowheads, Fig. 3G). The supernumerary fins often

show a variation in phenotype. Some larvae have two to

three pairs of well-developed fins that are often overlap-

ping and move independently of one another (arrowheads.

Fig. 3G). Other larvae have more extreme fin phenotypes:

i.e., small stubby fins that are fused by soft tissue at

the base of the pectoral girdle. Detailed analysis of the

multiple-fin phenotype has been described elsewhere

(Vandersea et ai. in press). The body axis is shortened

and the trunk is wide (tr. Fig. 30); some larvae possess

a small, curled tail (asterisk. Fig. 3G) but no ventral,

dorsal, or caudal fins. Lenses often lie freely exposed in

the anterior head region of the larvae (not shown). The

visceral cavities and gut are greatly expanded over the

yolk sac. These larvae live for as long as 22 days post-

fertilization.

1 X 10 -'M RA. Larvae exposed to 10 -"jW RA (Fig.

3H) are very susceptible to bacterial or fungal infections,

and about 50% die between stages 29 and 37; but others

live for as long as 15 days. In these larvae the tail, pectoral

fins, and all of the anterior head structures are absent. A
larva viewed laterally (Fig. 3H), rather than dorsally,

shows that the trunk (tr) is largely intact. The gut and

other internal organs have formed in the visceral cavity,

and some larvae possess the remains of a tail, which

protrudes as a small stump from the trunk (not shown).

The trunk exhibits muscular movements.

Stage 39: Craniofacial and pectoral fin cartilage

defects

To determine the effects, at gastrulation, of increasing

concentrations of RA on cartilage patterning in the head

and fins, larvae were stained with alcian blue at stage 39

(Fig. 4). Camera lucida drawings of the stained larvae

were used to aid in the analysis of cranial cartilage and

pectoral girdles. For clarity of presentation, we have de-

picted the elements that make up the braincase as the

neurocranial cartilage (Fig. 4E-H), whereas those ele-

ments derived from the seven pharyngeal arches (the man-

dibular, hyoid, and five branchial arches) and from the

pectoral girdle are presented as the pharyngeal-pectoral

cartilage (Fig. 4I-L). The identification of cartilage ele-

ments was based on comparative descriptions of skull

development (de Beer, 1937) and on skull development

in medaka (Langille and Hall, 1987) and zebrafish (Cub-

bage and Mabee, 1996; Schilling and Kimmel. 1997).

Abbreviations used in labeling the cartilaginous elements

in Figure 4 are listed in Table II (abv). Alcian blue stain-

ing of larvae treated during gastrulation with increasing

concentrations of RA reveals an overall reduction in the

development of cartilage in the head (compare Fig. 4A-
D) consistent with the descriptions of the anatomical ef-

fects of RA at the earlier stages described above.

At stage 39 in the normal neurocranium (Fig. 4E), the

ethmoid plate (ep) joins the lamina orbitonasalis (lo) and

trabeculae (t). The epiphyseal bar (eb) joins both the ante-

rior and posterior orbital cartilage (ao, po). Posteriorly,

the parachordals (pc) form the base of the neurocranium

and fuse with the hypophyseal plate (hp) joining the polar

cartilage (pi) with the auditory capsules (ac). Embryos

exposed to 5 x 10 ' MRA develop (as larvae) a neuro-

cranium that contains all the normal cartilage elements,

but is reduced in size (compare Fig. 4E and F). In some

cases, the hypophyseal and polar cartilage are slightly

malformed (hp and pi. Fig. 4F). Embryos exposed to

10 *" MRAdevelop a neurocranium that lacks an epiphy-

seal bar, as well as anterior and posterior orbital cartilage

(Fig. 4G). Notice that the lamina orbitonasalis and trabec-

ulae are only slightly smaller than normal, and the eth-

moid plate is present. Furthermore, these elements de-

velop in a more ventral position, close to the level of the

pharyngeal skeleton. The posterior neurocranium devel-

ops similarly in size and organization in embryos exposed

to either 5 X 10 'M RA or 10 "A/ RA (compare Fig.

4F and G). Embryos treated with 10"' M RA develop

only one neurocranial element —the parachordals (pc,

Fig. 4H), which form the posterior base of the neurocra-

nium at the anterior end of the notochord (nc. Fig. 4D).

The pharyngeal-pectoral cartilage at stage 39 (Fig. 41)

consists anteriorly of Meckel's cartilage (mc) which artic-

ulates with the pterygoid (p). the quadrate (q), and the

hyosymplectic (hs) to form the jaw. In the gill region,

the basihyal (bh) and ceratohyals (ch) lie anterior to the

centrally located basibranchials (bb) and the three pairs

of hypobranchials (hb). Within the branchial arches, five

pairs of ceratobranchials (cb) he ventrally to four paired

epibranchials and the pharyngobranchials (not shown).

The coracoscapulae (cs) and the proximal radials (pr)

compose the pectoral girdle.

Larvae of embryos treated with 5 x 10 'M (Fig. 4J)

and 10" MRA (Fig. 4K) do not develop the major carti-

lage components of the jaw. Although small cartilaginous
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10"^ M 10 "^M

Neurocranial cartilage

H

Pharyngeal/Pectoral cartilage

cb2-5

L

Figure 4. Light micrographs of alcian blue staining (A-D) and camera lucida drawings (E-L) of

cartilage elements at stage 39. The figure shows the cartilage elements of control larvae (A. E. and I) and

larvae of embr>os exposed to retinoic acid (RA) at 5 x 10 ' M(B. F. and J), 10" M(C. G. and K). and

10'^ M (D, H. and L). Camera lucida drawings, which depict a dorsal view of the neurocranial cartilage

(E-H) and a ventral view of pharyngeal/pectoral cartilage (1-L), show a progressive loss and malformation

of cartilage to increasing concentrations of RA. Abbreviations for cartilage elements are listed mTable II,

nc = notochord. Anterior is to the top. Scale bar (A) = 200 /jm (A-D) and (E) = 200 ^m (E-L).

elements that could represent Meckel's cartilage (question

marks. Fig. 4K) are often present, the morphological char-

acteristics of these elements are incomplete, so positive

identification is difficult. The basihyal, ceratohyals. and

basibranchials are present but shorter and thicker (Fig. 4J

and K): moreover, the number of ceratobranchials and

hypobranchials that develop may vary. In less extreme

cases anterior ceratobranchials are deleted (Fig. 4J and K).

but the posterior elements develop. In the most extreme

phenotypes. the ceratobranchials and hypobranchials do

not form. The order of the ceratobranchials is distin-

guished by their associations with the hypobranchials,

their position relative to the pectoral girdle cartilage

(which develops normally), and the presence of pharyn-

geal teeth on the fifth ceratobranchial. At both concentra-

tions of RA the epibranchials and pharyngobranchials are
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Table II

Analysis of relinoic acid effects on cartilage fonnation in the head and pectoral girdle

Concentration of retinoic acid

Ongin Skeletal element Ahv' 5 X 10 ' M 10-" A/ 10-' M lO-'M

Neural" Crest Mandibular

Arch

Hyoid Arch

Branchial Arches

Neurocranium

Non-Neural" Crest

Pectoral Girdle

Quadrate (q)

Pterygoid (p)

Meckel's (mc)

Hyosymplectic (hs)

Basihyal (bh)

Ceratohyals (ch)

Epibranchials —
Pharyngobranchials —
Basibranchials

Hypohranchials

Ceratobranchials

Ethmoid plate (ep)

Lamina orbitonasahs (lo)

Trabeculae (t)

Epiphyseal bar (eb)

Anterior orbital (ao)

Posterior orbital (po)

Polar cartilage (pi)

Hypophyseal plate (hp)

Auditory capsule (ac)

Parachordals (pc)

Coracoscapulae (cs)

Proximal radials (pr)

P

P

M
P

P

P

M/A
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Figure 5. Illustrations of live larvae corresponding to the five retinoic acid (RA) index levels (RAI 1
-

5). Stage 37 larvae are representative of RAI 1 (A), and larvae with increasing severity of defects due to

RA exposure at gastrulation are shown for RAI 2 (B). RAI 3 (C), RAI 4 (D). and RAI 5 (E). Inset (D)

shows the variation of duplicated pectoral fins of RAI 4. Arrowheads denote pectoral fins. Dorsal views

are shown in A-D and a lateral view in E. Antenor is to the left. Scale bar (A) = 400 jim.

An index of retinoic acid defects

Larvae of F. heteroclitus that were exposed at gastrula-

tion to a range of RA concentrations exhibit five distinct

phenotypes. Wehave incorporated these phenotypes into

an index of RA defects (RAI). Larvae representative of

each level of the index are illustrated in Figure 5 and

described (on the basis of morphological observations and

alcian blue staining of cartilage) in Table IIL

Briefly, RAI 1 represents larvae that are morphologi-

cally normal and contain all head and pectoral fin cartilage

(Fig. 5A and Table III). RAI 2 larvae show partial dele-

tions of the midbrain-hindbrain border region, with

slightly curved tails, normal pectoral fins, and deletions

of the cartilage that form in the jaw and anterior gill

arches (Fig. 5B and Table III). RAI 3 larvae show addi-

tional deletions of structures in the forebrain and mid-

brain-hindbrain border region, severe truncation of the

axis, expansion of the visceral cavity, a thin tubular heart.

and malformations of the cartilages of the neurocranium

and anterior gill arches (Fig. 5C and Table III). The most

obvious characteristic of RAI 4 larvae is the development

of multiple fins, which can range from fully independent

pairs of pectoral fins (arrowheads. Fig. 5D) to stubby,

malformed pairs of fins (arrowheads. Fig. 5D, inset). RAI

4 larvae also lack forebrain and midbrain-hindbrain bor-

der structures and most of the craniofacial cartilage. RAI

5 larvae consist of a muscular trunk with a well-formed

gut, but no cartilaginous elements (Fig. 5E and Table III).

To determine whether the phenotypes reflected in the

RAI are dependent on the concentration of RA to which

the embryos are exposed, we scored 1452 embryos from

seven RA experiments and compared the RAI with the

level of RAexposure (Fig. 6). Between 97% and 98% of

control embryos, DMSO-treated embryos, and embryos

exposed to 10"' MRA have an RAI of 1 (Fig. 6, RAI 1).

Figure 6 also shows that each exposure concentration

between 5 X 10"' and 10""* MRA exhibits a dominant
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Retinoic acid index

Index level Description'

RAI 1 Larvae appear normal; craniofacial cartilage identical to untreated control embryos.

RAl 2 Partial deletions and distortions of midbrain/hindbrain border region (MB/HB); eyes slightly closer together; axis slightly truncated;

heart smaller with pericardial edema, otocysts slightly closer to MB/HB; tail slightly curied; deletions of the quadrate, pterygoid,

and hyosymplectic cartilage; malformations of Meckel's cartilage, ceratohyals and the basihyal.

RAI 3 Partial deletion of forebrain (FB); broad deletion of MB/HB border region; eyes smaller, closer together, and ventrally and

anteriorly rotated; otocysts shifted anterior; axis severely truncated; curied tail; visceral cavity expanded; thin tube heart with

contractions but no circulation; blood cells pooled posterioriy; deletions of the quadrate, pterygoid, hyosymplectic, orbital,

epiphyseal, and basibranchial cartilage; malformations or deletion of Meckel's cartilage; malformation of the ethmoid,

ceratohyals, basihyal, auditory capsule, basibranchials. hypobranchials. and ceratobranchials.

RAI 4 Broad deletion of FB, MB/HB; otocysts absent; most retinal pigment deleted; heavy pigment on expanded visceral cavity wall;

multiple pectoral fins; axis severely truncated and tail curied; urinary bladder and gut present; heart absent; deletions of most

craniofacial cartilage; remnants of Meckel's or the ceratohyals may be present; parachordals present; multiple coracoscapulae

and proximal radials present.

RAI 5 Major deletions of head and tail with only trunk remaining; urinary bladder and gut present; blood cells pooled posteriorly;

muscular movements of trunk present; no cartilaginous staining present.

' Descriptions are summaries of the larval anatomy at stage 37 and cartilage staining at stage 39.

index level that includes most of the embryos exposed to

that concentration at gastrulation: 5 X \0''M RA, 90%
of embryos fall mto RAI 2: XQ)" MRA. 88% in RAI 3:

10 ' MRA. 91% in RAI 4; lO^^M RA, 93% in RAI 5,

The ability of RA to induce reproducible phenotypes in

a large number of embryos makes F. heteroclitus an im-

portant embryonic model for the understanding of molec-

ular and genetic interactions of the RA signaling path-

ways.

Discussion

Wehave described brain, craniofacial, and pectoral fin

defects arising from the exposure of F. heteroclitus em-

bryos to increasing concentrations of exogenous retinoic

acid during gastrulation. RA-treated embryos, like control

embryos, gastrulate and form an axis, but by stage 25,

they demonstrate dose-dependent differences in axial pat-

terning. Moderate RA exposure during gastrulation leads

to axial patterning defects in the tail, heart, midbrain-

hindbrain, and the craniofacial cartilage. High concentra-

tions of RA further disrupt the pectoral fins, otocysts,

forebrain, and posterior hindbrain structures (including

cartilage). However, patterning of the gut and trunk ap-

pear normal, even at high RA exposures. Wehave used

RA phenotypes to establish an RA index that shows low

inter-experimental variability. The index should be useful

in understanding RA signaling pathways.

Cellular events that may contribute to RA-induced

phenotypes

Gastrulation and neural induction. Embryos exposed

to exogenous RA at 50% epiboly continue to gastrulate

and show no immediate signs of cell death or toxic re-

sponse. The overall patterns of development of treated

and control embryos at 25°C are similar prior to stage 25,

some 27 hours after RA exposure. Other responses to RA
argue against an immediate toxic response: i.e.. embryos

exposed to the highest RA concentrations live for more

than 2 weeks, show normal gut and somatic trunk muscle

development, and exhibit frequent muscle contractions.

Although we have not examined in detail the effects

of RA on gastrulation, it is possible that the patterning

defects we observe stem, in part, from subtle changes in

cellular migration patterns during gastrulation. Gastrula-

tion in F. heteroclitus occurs by the ingression of superfi-

cial deep cells at the margin of the blastoderm during

early epiboly (stage 13-13'", 12hpf at 25°C; Trinkaus,

1996). The detailed studies of Trinkaus and colleagues

provide background information on development in this

species, and the large size and transparency of the embryo

contribute to ease of observation. Together, these factors

make F. heteroclitus embryos excellent candidates for

lineage studies to determine whether RA leads to altered

migration patterns of cells during gastrulation.

Exposure to RA may disrupt the interactions that occur

between mesoderm and ectoderm during gastrulation

—

interactions shown by classical embryological and recent

molecular studies to be critical for normal neural induc-

tion of the brain and spinal cord (Spemann and Mangold,

1924; Tanabe and Jessell, 1996: Elinson and Kao. 1993).

It has been shown in X. laevis, that treatment with RA
during gastrulation affects both mesoderm (Cho and De

Robertis, 1990: Sive et ai. 1990: Sive and Cheng, 1991:
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Effects of RA on axial specification and cartilage

patterning

RA-treated embryos survive for up to 22 days and show

extensive development of cartilaginous skeletal elements.

This has permitted a more detailed analysis of RA-in-

duced craniofacial and pectoral tin skeletal defects than

has been undertaken for other species. Our results show

that the development of many craniofacial and pectoral

fin cartilage elements is altered in response to RA expo-

sure during gastrulation. Dose-dependent deletions occur

in both neurocranial and pharyngeal skeletal elements,

while duplications and deletions are observed for pectoral

girdle and fin elements.

In the neurocranium, the orbitals and epiphyseal bar.

which are cartilage elements centrally located along the

anterior-posterior ( A/P) axis, are deleted at lower concen-

trations of RA than are the ethmoid plate and the para-

chordals, which are elements at the anterior and posterior

extremes. These results suggest that RA has a concentra-

tion-dependent effect, either on the developmental regula-

tion of specific neural cranial elements, or on the specifi-

cation of their ultimate position along the A/P axis. Al-

though patterning of the craniofacial region is generally

believed to be conserved in evolution, the origin of the

neurocranium —whether from mesoderm or neural

crest —is a matter of contention. Extirpation of neural

crest cells in medaka embryos results in defects of the

craniofacial cartilage (Langille and Hall, 1988), demon-

strating the importance of neural crest for normal head

development. These studies suggest that the anteriormost

elements of the neurocranium, the ethmoid plate and tra-

beculae, are derived from neural crest cells that migrate

from the mesencephalon, whereas the more centrally lo-

cated elements, orbitals and epiphyseal bar, receive neural

crest contributions from both the mesencephalon and the

preotic rhombencephalon (Langille and Hall, 1988). Pos-

terior elements of the neurocranium are believed to be

derived from mesoderm (Langille and Hall, 1988). How-

ever, recent quail-chick transplantation studies suggest

that most of the neurocranmm is mesoderm-derived

(Couly et al.. 1993), except for specific neural-crest-de-

rived regions corresponding to sites at which craniofacial

muscles attach (Koentges and Lumsden, 1996). The pat-

terns of deletions of cartilaginous elements we observe

at moderate RA concentrations seem to be unrelated to

their embryological origin —whether that is neural crest

or mesoderm. Thus, RA is more likely to be affecting

positional information given to cells along the A/P axis.

The pharyngeal skeleton consists of a set of seven seg-

mented arch homologs, each consisting of dorsal and ven-

tral elements that give rise to specific cartilage elements

(Romerand Parsons, 1977; Schilling and Kimmel, 1997).

Weobserve two patterns of cartilage deletions in response

to increasing concentrations of RA. First, the dorsal carti-

lage elements in each of the arches are deleted at a lower

concentration of RA than the more ventral cartilage ele-

ments. For example, in the neurocranial cartilage of larvae

exposed to 5 x 10"' MRA as gastrulae, the ventral ele-

ments of all seven arches can be found (Meckel's cartilage

in the mandibular arch, the ceratohyal in the hyoid arch,

and the ceratobranchials in the branchial arches). The

more dorsal elements (quadrate and pterygoid in the man-

dibular arch, hyosymplectic in the hyoid arch, and epi-

branchials or pharyngobranchials in the branchial arches)

are all absent.

The second pattern involves the deletion of ventral ele-

ments of each arch and occurs in a noncontiguous fashion

with respect to the A/P axis. Larvae treated as gastrulae

with 5 X 10"' A/ RAshow deletions of one pair of cerato-

brachials, whereas the ceratohyals in the hyoid arch and,

in many cases, Meckel's cartilage in the mandibular arch

remain. All of these cartilages are ventral elements, with

the ceratohyals more centrally located along the A/P axis

of the head. Although the order of the deleted ceratobran-

chials cannot be established definitively, they are not the

tooth-bearing fifth pair of ceratobranchials, which are still

present. The discontinuity of deleted ventral cartilages,

relative to their position along the A/P axis, is seen at

higher concentrations of RA where Meckel's cartilage

and one or more additional pair of ceratobranchials are

eliminated before the ceratohyals. To emphasize this im-

portant point, the cartilage derived from the ventral ele-

ment of the second arch is formed; but the ventral ele-

ments of first and third or fourth arches are deleted.

The effects of exogenous RA on embryos have been

explained by disruption of endogenous gradients of RA
on the early patterning of embryonic tissues (Durston et

ai, 1989). In vertebrates, RA has been shown to be im-

portant in patterning the embryonic axis (Sive et al, 1990;

Kessel, 1992; Conlon, 1995). All of the cartilage elements

of the pharyngeal skeleton are believed to be derived from

neural crest cells that migrate from midbrain and from

specific rhombomeres of the hindbrain (Langille and Hall,

1988, 1993; Lumsden et al.. 1991; Couly et al. 1993).

However, different skeletal elements in the same arch,

and even a single cartilage element within an arch, may

receive contributions of neural crest cells from more than

one specific axial level (Koentges and Lumsden, 1996).

Recent studies in zebrafish suggest that dorsal and ventral

elements in a given arch originate from separate sites of

chondrification within the same condensation of precarti-

lage cells (Schilling and Kimmel, 1997). In the mandibu-

lar arch, for example, the quadrate and Meckel's cartilage

both arise from a single precartilage condensation, with

the quadrate forming before Meckel's cartilage (Schilling

and Kimmel, 1997). Our results suggest that the dorsal

and ventral cartilage elements of the pharyngeal arches
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are differentially sensitive to early exposure to RA and

may originate from different populations of neural crest

cells along the embryonic axis. Furthermore, the noncon-

tiguous pattern of deletions of ventral elements indicates

a more complex regulation or axial organization than pre-

viously recognized.

Although most of the RA-induced patterning defects

we describe in this study represent deletions of specific

structures, exposure of F. heteroclitus embryos to 1 x

lO"'^ MRAduring gastrulation causes duplications of pec-

toral fins (described in further detail in Vandersea er a/., in

press). Parallel studies in zebrafish also show duplicated

pectoral fins at defined RA concentrations (Vandersea ei

ai, in press). Lower body and limb duplications have

been shown to be induced by RA when administered

during pregastrulation stages to mouse embryos (Rutledge

et ai. 1994). Our results demonstrate that the phenotypic

response to RA at gastrulation may be evolutionarily con-

served and suggest that RA may be an early signaling

molecule for axial specification of vertebrate limbs. The

induction of duplications of specific structures is consis-

tent with current ideas that the mechanism by which exog-

enous RA disrupts developmental patterning is mis-ex-

pression of patterning genes, such as Hox and Otx2 genes

(Conlon, 1995).

Molecular aspects of RA action —Hox gene

involvement

RA is an endogenous regulator of patterning in verte-

brate embryos: at the molecular level. RA is believed to

exert its patterning influences by the temporal and spatial

regulation of Hox and other homeobox-containing genes

(Simeone et ai. 1990; Papalopulu et ai, 1991: Langston

and Gudas, 1992: and Studer et ai, 1994). In this paper

we have shown that brain and skeletal elements of the

F. heteroclitus head exhibit dose-dependent deletions in

response to RA exposure during gastrulation. By supply-

ing excess RA, we are disrupting the natural levels of RA
in the embryos: this in turn may alter homeobox and Hox

gene expression, resulting in developmental defects (Taira

et al.. 1994: Conlon. 1995; Hill et ai. 1995: Alexandre

et ai, 1996). Our work provides a model species that

permits large numbers of synchronous embryos to be

treated with RAat gastrulation. RA-treated F. heteroclitus

embryos develop with distinct, reproducible phenotypes

that may be useful in resolving the molecular details of

RA-signaling pathways and the role of Hox gene expres-

sion.

RA signaling pathways may be sensitive to disruption

by xenobiotics

The craniofacial defects we have characterized in this

study of F. heteroclitus are similar to defects that have

been described in fish and other vertebrates exposed to

various xenobiotics (Weis and Weis, 1989). RA is critical

for normal patterning of the craniofacial region and the

heart (Means and Gudas. 1995; Conlon. 1995), and de-

fects induced in these regions by various xenobiotics sug-

gest that they may act by disrupting RA signaling path-

ways. RA acts by binding to receptors that are members

of a large superfamily of steroid and thyroid hormone

receptors (Leid et al., 1993). Certain xenobiotics may
mimic RA or disrupt the RA signaling pathway by bind-

ing or interfering with this class of receptors. For exam-

ple, the insect growth regulator methoprene is teratogenic

in mice (Unsworth et al. 1974) and can activate one class

of retinoid receptors in expression assays (Harmon et al,

1995).

In this paper we have established a dose-response index

describing the phenotypes resulting from increasing doses

of RA. Similar index phenotypes are also identifiable in

RA-exposed zebrafish embryos (Vandersea et ai. in

press; and unpubl. data), suggesting that the mechanism

by which RA induces defects is evolutionarily conserved.

F. heteroclitus and zebrafish are. respectively, estuarine

and freshwater fish species that are widely used in toxicol-

ogy studies. The index we describe should be useful in

embryo-based assays for toxicological and environmental

monitoring studies by permitting xenobiotic effects to be

ranked and quantified in exposed embryos whose defects

resemble those resulting from RA exposure. This index

should also aid in defining the mechanisms by which

xenobiotics act and the concentrations that can be toler-

ated in the environment.
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